Abstract The article investigates the effects of NiO (ptype) and TiO 2 (n-type) nanoparticles (NPs) on the performance of poly(3-hexylthiophene) (P3HT) and (phenyl-C61-butyric acid methylester) (PCBM) based devices with an inverse geometry. Various weight ratios of these nanoparticles were mixed in the polymer solution using 1,2-dichlorobenzene as solvent. An optimal amount of NPs-doped active layer exhibited higher power conversion efficiency (PCE) of 3.85% as compared to the reference cell, which exhibited an efficiency of 3.40% under white light illumination intensity of 100 mW/cm 2 . Enhanced PCE originates from increased film roughness and light harvesting due to increased absorption range upon mixing an optimal amount of NPs in the organic-based active layer. Further addition of NiO and TiO 2 concentration relative to PCBM resulted in significant agglomeration of nanoparticles leading to degraded device parameters.
Introduction
Organic solar cells (OSCs) are attracting lot of attention as a potential replacement to Si-based photovoltaics (PV) because of being colorful, portable, easy to fabricate and cost-effective. Many recent studies report the fabrication of OSCs with promising features (Sariciftci et al. 1992; Yu et al. 1995; Günes et al. 2007; Blom et al. 2007; Dennler et al. 2009; Chen et al. 2009 ). Instead of p-n junctions, as in conventional Si solar cells, organic PV employ a blend of the organic and inorganic electron donor-D and acceptor-A materials, respectively, for generating charge carriers. Resulting devices consists planar heterojunctions (PHJ) where power conversion efficiency (PCE) is limited because of low exciton diffusion lengths (\ 20 nm) (Liang and Yu 2010) . Excitons produced beyond the distance of more than diffusion length from the ''D'' and ''A'' interface will recombine and not contribute to charge generation (Park et al. 2009 ). Because of this reason, the power conversion efficiency (PCE) of PHJ devices is far lower than devices based on Si solar cells (Blouin et al. 2008) .
With the advent of D-A bulk heterojunction (BHJ) concept, a revolutionary development occurred in PV (Ma et al. 2005) . According to this concept, D and A materials are thoroughly dissolved in solvent and organized on the nanoscale to form 3-dimensional interpenetrating D/A networks that facilitate to generate charge carriers and transport in BHJ efficiently. By incorporation of inorganic nanostructured, the efficiency of organic BHJ devices can be enhanced to form organic-inorganic hybrid solar cells (HSC) (Li et al. 2005) .
In HSC, the organic semiconductor (SC) is responsible for light harvesting acts as the hole transporter (ET) while the inorganic SC (metal oxide) can be used as an electron acceptor (EA) to improve the charge mobility (Brabec et al. 2010) . The blends of organic and inorganic metal oxide can be designed by the interaction of conjugated polymer and inorganic metal oxide (Kawano et al. 2006) . Devices organized from hybrids of organic and inorganic metal oxide nanoparticles have fascinated extensive importance due to their low cost relative to OSC and easy processing without the need of high vacuum by spray deposition on flexible substrates.
Up to now various electron acceptor SC oxides (TiO 2 , ZnO, SnO 2 , and Nb 2 O 5 ) have been used in polymer-based active layer (Peet et al. 2007; Hauch et al. 2008; Ikram et al. 2015) . These oxides exhibit high stability to photocorrosion, low toxicity, absorb the UV light and have large band gap energies (Lungenschmied et al. 2007 ). Although electron facilitating and injecting oxides such as TiO 2 , ZrO 2 and ZnO are frequently used for improving PCE and stability of organic devices, there are other transition metal oxides like NiO, CuO, V 2 O 5 , and WO 3 which are wellknown electron-injectors and facilitates hole in the active layer can be utilized for improvement in HSC device performance.
In this work, different ratios of p and n-type metal oxides (NiO and TiO 2 )-NPs was incorporated in the polymer-based active layer. The active layer of organic polymers comprises P3HT and PCBM. The hybrid active layer blends were prepared in 1,2-dichlorobenzene (DCB) using various ratios of both oxides and organic polymers and found that the performances of the devices depend on the ratios in the active layer.
Experimental details Materials
Indium-doped tin oxide (ITO) coated glass slides (25 Xsq -1 ) were received from Lumtec-Taiwan and NiONPs \ 50 nm from Sigma-Aldrich Co. USA. Conjugated polymer P3HT-P200 and PCBM have been purchased from (Rieke-Metals) and (SES), USA, respectively and TiO 2 nanoparticles (particle size * 15 nm) were used in our previous study (Ikram et al. 2015) .
Device fabrication
ITO slides were etched using zinc (Zn) powder and HCl to produce an insulated area necessary to etch the edge to prevent short-circuits. After etched, the substrates were cleaned before use by ultrasonication in a soap, distilled water, ethanol, and acetone, respectively. The cleaned substrates were immediately dried under a stream of N 2 and then transferred in plasma cleaner for 10 min. The electron transport layer (ETL) of ZnO was deposited using the recipe as in the literature (Lim et al. 2012) . First, ZnO-ETL was deposited at a spinning speed 3000 rpm for 40 s on plasma-cleaned ITO and annealed at 150°C for 1 h.
Various weight ratios of quaternary blends (P3HT:NiO:PCBM:TiO 2 -1:0:1:0, 0.75:0.25:0.75:0.25, 0.50.0.50:0.50.0.50, and 0.25:0.75:0.25:0.75) were mixed in 1 ml DCB and stirred for 12 h at 40°C. The stirred solutions prior to use were passed through 0.45 mm polytetrafluoroethylene (PTFE) filter. The filter solutions were spin-coated on top of ETL-coated substrates and heated them at 150°C for 15 min in open atmosphere. At the end, 7 nm-MoO 3 and 100 nm-Ag were thermally evaporated to form a top contact on the active layer with device area of 0.2 cm 2 was used for all devices. The inverted device structure of control device ITO/ZnO/(P3HT:PCBM/MoO 3 / Ag and doped were ITO/ZnO/(P3HT:NiO:PCBM:TiO 2 / MoO 3 /Ag (Fig. 1a) .
Characterization
The cells were illuminated using the solar simulator (CT 100 AAA) with a Keithley 2420 source meter under 1 sun standard irradiance (100 mW/cm 2 using as AM 1.5 G). The absorption spectra of the coated films were measured on a UV-visible spectrophotometer (Genesys 10S). The AFM (Ambios, Q250) was performed for active layer morphology. The external quantum efficiency was measured in air at room temperature using QEX 10-PV Measurements Inc., Boulder, CO system.
Results and Discussion
The key electrical parameters of the OPV, parasitic resistance measurement and IV-curves of binary and quaternary blend system based devices are shown in Fig. 2(a-c) .
Upon mixing of NiO and TiO 2 to the devices, it was observed better performance in the most important parameter PCE which is defined as PCE ¼
, where V oc -open circuit voltage, J sc -short circuit current density, FF-fill factor and P in is incident light power density (100 mW/cm 2 ). To enhance the PCE all these essential parameters have to be increased. The V oc in OSC devices is determined by the energy level difference between the HOMO Donor -Highest occupied molecular orbital and the LUMO Acceptor -lowest unoccupied molecular orbital (Chen et al. 2013; He and Yu 2011) . J sc is the maximum photocurrent of the device and depends on several factors including light absorption range, surface area and thickness of photoactive layer, electron-hole generation, diffusion, separation and charge transport properties (Liang and Yu 2010) . The FF describes the quality of the device and different phenomena that can significantly affect such as R s -series resistance, R sh -shunt resistance and competition between charge carrier recombination and transport processes (Fig. 2a) . It is hard and complicated task to enhance all parameters at once (Qi and Wang 2013) . R series is the conductivity between the films and contacts. It must be small, since it impedes the current flow. A high R s means that electrons are struggling to flow out of the solar cell and R shunt is related to transport properties of SC and recombination of charge carriers at D-A interface. In this case, R sh is the resistance between Ag and ITO. It must be large, since it prevents leakage current in the backward direction. In an ideal device, R s = 0 and R sh = ? (Yuhas and Yang 2009) . The parasitic resistance (R s and R sh ) can be calculated using equation of single diode model (Chenni et al. 2007 )
For R s , assume R sh [ [ [1 and algebraically solving for the voltage, 
After differentiating w.r.t ''J''. At open circuit between the terminals the V = Voc, J = 0 and
For R sh , R s can be neglected and after differentiating w.r.t ''V'', At short circuit between the terminals the V = 0 and J = J sc which gives,
From the Fig. 2c , an increase in J sc can be observed upon introducing NPs in the active layer. A decrease in R s results in significant increase in FF with an increasing amount of NPs in the P3HT: PCBM blend. Using the Eqs. 3 and 4, both R s and R sh were calculated by the inverse slop of J-V plots at highest operating voltage (V = V oc ) and at 0 V, respectively, as shown in Fig. 3b and extracted parameter are listed in Table 1 . The increase in efficiency of the BHJ devices upon the mixing of NPs is typically manifested to decrease in series resistance as the doped devices demonstrate the higher value of J sc versus applied voltage (V) under 1-sunlight intensity (Fig. 2c) . As a result, increase in 'FF' and 'J sc ' with increasing concentrations of both NPs in the polymerbased active layer devices can be observed. From Table 1 , R s decreased from 9.1 to 7.7 X-cm 2 with increasing amounts of both nanoparticles. This decrease in R s value is referred to decrease in material resistivity with the addition of metal oxide as the addition leads to additional crosslink in the network of the active layer (Lin et al. 2013) . In contrast, a significant increase in R sh from 1120 to 2490 Xcm 2 because of suppression of leakage current caused by p and n-type NPs network (Saunders and Turner 2008; Huang et al. 2009 ). This decrease in resistance and a corresponding increase in device efficiency reverse with high ratios of metal oxide was attributed to large aggregations of the NPs in the P3HT:PCBM active layer, as observed in atomic force microscope (AFM) images and explained later. This severe aggregates disrupt the polymer-NPs based BHJ network and remove the pathways for electron and hole collection. The open-circuit voltage increased with the optimum amount of NPs in the P3HT and PCBM blend and dropped from BHJ network breaking down affected by large aggregations of metal oxide NPs.
From Fig. 1b shows the interfaces between (P3HT to PCBM), (P3HT to TiO 2 ), (P3HT to NiO), (NiO to PCBM), and (NiO to TiO 2 ) play an important role to increase the electron-hole separation and transport in the devices (Kettle et al. 2012; Ikram et al. 2014 Ikram et al. , 2015 . The increase in photocurrent with the doping of both NPs in the P3HT and PCBM ratio leads to an increase in the C.B edge which reduces the charge recombination process due to percolation network of TiO 2 NPs. The NPs-addition also has the ability to harvest light, hence, more photons were captured and more excitons were generated (Fu et al. 2012) .
To check the topography of the various ratios of organic-inorganic blend surfaces, we performed AFM analyses on the films at room temperature as shown in Fig. 3a-c. Figure 3a displays the formation of the smooth surface has few small needle-like distribution of grains The absorption spectra of binary (control film) and quaternary (NPs doped) blend layers were measured in spectrum range 300-700 nm. Figure 4 shows that optical absorption increased as the NiO and TiO 2 amount increased in the active layer blend. As described in AFM, the surface roughness increased with increasing amount of NPs in the polymer blend. The rough surface provides longer optical path due to strong light scattering back and forth in the film which is a benefit for the light harvesting and improved IPCE (Li et al. 2007) . Figure 5 represent the measured spectra of external quantum efficiency (EQE) by focusing a monochromatic beam of light onto the various ratios of organic-inorganic based devices. It can be observed that the EQE of the devices ranged from 45 to 71.2% at & 420-540 nm (Fig. 5 ) upon increasing quantity of both NPs in the blend of polymers. This increase in quantum efficiency was attributed to a broad range of absorption with the addition of NPs in the P3HT:PCBM active layer which leads to increase in electron mobility of the devices (Li et al. 2007 ).
Conclusions
Mixing of various ratios of NiO and TiO 2 in the blend of polymers (P3HT:PCBM) bulk heterojunction with inverted architecture was studied. The incorporation of nanoparticles improved PCE from a baseline of * 3.40-3.85%. The improved PCE in doped devices can only be attributed to Fig. 4 Optical absorption of binary and quaternary blended layers the broad absorption range, R sh and decrease in R S lead to enhance charge generation and transport properties. The mixing improved the absorption and surface roughness with increasing amount of both NPs in the blend of the organic semiconductive materials. Excessive concentrations of NPs in the blend of P3HT and PCBM developed agglomerations and broke the BHJ network resulting in a degraded device performance.
